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on the membrane because the membrane surfaces are highly charged. We have measured electromechanical force generation
by cell membranes using optically trapped beads to detach the plasma membrane from the cytoskeleton and form long thin
cylinders (tethers). Hyperpolarizing potentials increased and depolarizing potentials decreased the force required to pull a tether.
The membrane tether force in response to sinusoidal voltage signals was a function of holding potential, tether diameter, and
tether length. Membrane electromechanical force production can occur at speeds exceeding those of ATP-based protein
motors. By harnessing the energy in the transmembrane electric field, cell membranes may contribute to processes as diverse
as outer hair cell electromotility, ion channel gating, and transport.INTRODUCTIONCell membranes are soft ensembles of lipids, proteins, and
other molecules. The proportions of the components vary
but lipids dominate, reaching 102 lipid molecules for every
protein in some membranes (1,2). They are very thin
(typically ~5 nm) but cover large surface areas (>103 mm2
in the case of the plasma membrane). Living cells expend
metabolic energy to sustain electrochemical potentials
(~100 mV) across their membranes, and the associated
transmembrane electric field is large (>10 MV/m; compare
to the ~3 MV/m fields associated with atmospheric
lighting). Changes in the transmembrane electric field are
biologically important signals. The action potential is a
particularly dramatic example because the field which
points into the cell at rest transiently reverses direction.
Living cells also expend energy to maintain a character-
istic asymmetry in the number of lipid-associated fixed
charges on the inner and outer surfaces of their membranes
(3) where the inner surface is typically more negatively
charged than the outer. Integral membrane proteins can
contribute to the electrical charge difference at the two
surfaces. The charge asymmetry of the membrane gives
rise to an intrinsic electrical polarization that sets the stage
for a piezoelectric-like force generation. The electrical and
mechanical properties of membranes have been studied
separately for many years; the interplay between the two
has only been recently explored.
The first indirect evidence that biological membrane
mechanics was influenced by the transmembrane potential
difference came from the modulation of membrane birefrin-
gence associated with changes in membrane potential (4).Submitted October 22, 2009, and accepted for publication May 10, 2010.
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0006-3495/10/08/0845/8 $2.00Further evidence for electrically active membranes came
from experiments that measured electromechanical force
in axons (5–7), mammalian outer hair cells (8), purple
membranes (9), and in cultured mammalian cells (10–13).
Voltage-dependent lipid lateral diffusion in the plasma
membrane of outer hair cells (14) is another likely manifes-
tation of membrane electromechanics. Because the mem-
brane of living cells is attached to the cytoskeleton, the
direct contribution of the membrane in these early experi-
ments could only be inferred. However, nonbiological
bilayer (or black) lipid membranes that do not contain
proteins were shown to bend in response to changes in the
transmembrane potential (15).
We have combined optical tweezers and patch-clamp
techniques (Fig. 1) for the purpose of pulling membrane
tethers from a cell under whole-cell voltage-clamped condi-
tions (16,17). The mechanical response of the tether to con-
stant or modulated transmembrane electrical fields is
measured. We observe a robust electromechanical response
by membrane tethers pulled from outer hair cells (OHC) and
human embryonic kidney (HEK) cells.MATERIALS AND METHODS
Optical tweezer/patch-clamp setup
The mechanical properties of cell membranes have been examined by using
micropipettes or trapped beads to separate the membrane from the cytoskel-
eton and deform it under controlled conditions (18–26). We combined
optical tweezers with voltage-clamp to measure mechanical force produced
by the tether in response to changes in the transmembrane potential
difference. Our apparatus was configured around an inverted microscope
(Axiovert S100TV; Zeiss, Oberkochen, Germany) and has been previously
described (16). The trapping beam was a continuous wave, tunable
(650–1100 nm) Titanium-Sapphire laser (3900S; Spectra-Physics, Santa
Clara, CA) pumped by a 5 W solid-state Nd:YVO4 laser (Millennia V;
Spectra-Physics), operated at 830 nm. Laser power was set so that the trap-
ping force was greater than the tether formation force. The trappingdoi: 10.1016/j.bpj.2010.05.025
FIGURE 1 Experimental setup. Schematic of membrane tether forma-
tion with optical tweezer and electrical stimulation. Both constant and sinu-
soidal electrical stimuli are delivered to the cell through the whole-cell
tight-seal patch electrode. Electromechanical force (FEM) was quantified
by measuring the bead displacements along the tether axis using the
quadrant photodetector (QPD).
846 Brownell et al.stiffness was at least three times the OHC tether stiffness (21). The
laser beam was focused by a 100, high numerical-aperture (NA ¼ 1.3)
oil-immersion objective (Plan-Neofluar; Zeiss). A charge-coupled device
camera (CCD100; DAGE-MTI, Michigan City, IN) was used for
visualization of the objects, and a quadrant photodetector (QPD)
(S1557; Hamamatsu, Hamamatsu City, Japan) for position sensing of
trapped beads.
Polystyrene beads with a diameter of 4.5 mm (cat. No. 17135; Poly-
Sciences, Niles, IL) were used to pull membrane tethers from cells. Under
microscope bright-field illumination, the shadow of the trapped bead was
projected onto the QPD active area. The differential signals (in mV)
from the QPD sum-and-difference amplifier (QP50-6SD; Pacific Silicon
Sensor, Westlake Village, CA) were digitized with an analog-to-digital
converter (Wavebook 512; IOTech, Cleveland, OH), and subsequently
recorded by LabVIEW (Ver. 6.0; National Instruments, Austin, TX) or
WaveView software (WaveView 7.14.16; IOTech). The data acquisition
rate was 1 kHz for signals with a frequency <100 Hz; for higher frequen-
cies, it was 25 kHz. The QPD signal represented the displacement of the
bead position from the trapping center, which was proportional to an
external force (in pN) experienced by the bead. The trapping stiffness
(in pN/mV) was calibrated by the viscous drag force method utilizing
Stokes’ Law (see Supporting Material), in which a known drag force
was applied to the trapped bead while recording the resulting differential
voltage signals from the QPD. The drag force was generated by driving
a piezoelectric translation stage (P-527.3CL; Physik Instrumente, Auburn,
MA) at known velocities. Resolution of the piezoelectric stage at the x,y
plane was 2 nm.
Once an optically trapped bead was placed in contact with the cell, the
tether was formed and elongated by moving the cell away from the trapped
bead at a preset velocity. The movement trajectory was controlled by
a function generator (DS345; Stanford Research Systems, Sunnyvale,
CA). To avoid differential movements between the patch electrode and
the voltage-clamped cells during the tether elongation, a compact micro-
manipulator was mounted on the piezoelectric stage to ensure simulta-
neous movement of the electrode and cell (16). When the bead is separated
from the cell, the membrane detaches from the underlying cytoskeleton
and forms a long, thin cylindrical membrane tube. Integral membrane
proteins have been shown to flow into membrane tethers from red blood
cells (27). OHC tethers do not contain f-actin (22). For HEK cells, our
measurements were made before f-actin could polymerize in the tethersBiophysical Journal 99(3) 845–852as evidenced by the observation that the tethers retracted back to the cell
body rapidly once the trapped force was released (28). After polymeriza-
tion begins, the new cytoskeletal filaments formed in the tethered region
would prevent a complete retraction of the tether. The data presented in
this article were obtained from single tethers. In the case of HEK cells,
~20% of the successful tether formations resulted in multiple tethers that
could be visualized (see Fig. S1 in the Supporting Material) consistent
with previous reports (29). The peak and steady-state forces associated
with the multiple tethers were either two or three times those of single
tethers. We calculated a single tether force from the multiple tethers by
dividing by two or three, based on morphology. The mean and distribution
of the calculated forces were indistinguishable from morphologically
confirmed single tether data.Cell preparations
HEK cells (HEK293) were seeded on a microwell petri dish at concentra-
tions of ~15,000 per microwell area. The cells were maintained at 37C
within Dulbecco’s modified Eagle’s medium (Invitrogen Life Technologies,
Carlsbad, CA) supplemented with 10% fetal bovine serum (Invitrogen Life
Technologies) for at least 3 h to ensure firm attachment of the cells to a
poly-d-lysine-coated coverslip.
Guinea pigs of either sex weighing 200–250 g were decapitated
following a protocol approved by the Baylor College of Medicine (Houston,
TX). The organ of Corti was isolated from the cochlea, incubated for 10 min
with 0.5 mg/mL trypsin, and dissociated onto a microwell petri dish. OHCs
were selected for experimentation if they exhibited a uniformly cylindrical
shape, a basally located nucleus, and showed only limited osmotic swelling
and/or Brownian motion in the cytoplasm. All OHCs were used within 3 h
after animal sacrifice.Electrophysiology
Cells were bathed in an ion-channel-blocking saline consisting of 100 mM
NaCl, 20 mM CsCl, 20 mM tetraethylammonium, 10 mM HEPES, 2 mM
CoCl2, 1.47 mM MgCl2, and 2 mM CaCl2. For HEK cells, 1 mM Na
þ
channel blocker Tetrodotoxin (T5651; Sigma, St. Louis, MO) was also
added to the bath saline. Patch electrodes with typical resistances of
2–3 MU were pulled from borosilicate capillary tubing (TW100-4; World
Precision Instruments, Sarasota, FL) with a carbon dioxide laser puller
(P-2000; Sutter Instruments, Novato, CA). The patch electrodes contained
140 mM CsCl, 1 mM EGTA, 2 mM MgCl2, and 10 mM HEPES. The solu-
tions were adjusted to a pH of 7.2–7.3 using 1M CsOH and an osmolality of
295–305 mOsm/kg using glucose. Electrophysiological recordings were
performed under whole-cell configuration with a patch-clamp amplifier
(Axopatch 200B; Axon Instruments, Foster City, CA). Voltage stimulus
protocols and whole-cell current recording were made using pCLAMP
9.0 software (Axon Instruments). To avoid electrical coupling among
HEK cells as a result of gap junctions, only isolated cells were used. The
initial membrane resistance for HEK cells and OHCs were >500 MU
and 150 MU, respectively, with series resistance <10 MU. The data-acqui-
sition programs also recorded the voltage stimulation signals from the
patch-clamp amplifier to synchronize the transmembrane voltage and the
resulting electromechanical force of the membrane tethers. All experiments
were performed at room temperature (21–23C).Membrane tether imaging
Membrane tethers were imaged using bright-field microscopy (Fig. 2; see
also Fig. 6 A and Fig. S1). Images were detected with the charge-coupled
device camera. We typically see faint shadows representing tethers pulled
from HEK cells. Multiple images of the same tether were averaged and
background-subtracted to produce the images.
FIGURE 2 Photomicrographs of OHC (top) and HEK (bottom) cells
connected to trapped beads by membrane tethers. The HEK tether is visible
but OHC tethers were too narrow to be resolved. Scale bar ¼ 5 mm.
FIGURE 3 Representative tether force profiles plotted against time for
tethers from two HEK cells at60 mV (black trace) and 60 mV (red trace)
holding potentials. Membrane tethers were pulled at a constant rate of
1 mm/s to a 30-mm length; note that the force profiles begin (time zero)
when the tethers have reached a length of 10 mm. For a population of cells
held at –60 mV (n¼ 12), the peak force (value at the end of elongation) was
24.55 2.8 pN (mean5 SE) and the steady-state force was 16.45 4.1 pN.
Another population was depolarized to 60 mV (n ¼ 9), the peak force was
18.4 5 3.2 pN, and the steady-state force was 8.7 5 2.9 pN. The force




Membrane tethers are characterized by their high curvature
(0.002 ~ 0.02 nm1). Tethers pulled from OHCs had diam-
eters that were smaller than the optical resolution of our
system whereas tethers pulled from HEK cells could be
visualized. (Fig. 2). OHC tethers had a larger tether forma-
tion force (the force required to bend and separate the
membrane from the cytoskeleton) and their steady-state
force (asymptotic force relaxation after tether elongation
and maintaining a nearly-fixed length) was greater than
that of HEK tethers (as previously reported for non-
voltage-clamped cells (21)). Tethers from either cell type
could be pulled to lengths in excess of 100 mm without
breaking. A 30-mm-long tether with a radius of 100 nm
would have a surface area of ~19 mm2. If the radius is
75 nm, the surface area is ~14 mm2. The microscopic
surface area of a 50–75-mm-long OHC (not including the
stereocilia) is between 2000 and 2500 mm2 (30). OHCs
have an ~10% excess surface area arising from nanoscale
folding of the membrane (31). The membrane capacitance
of the HEK cells indicates a surface area comparable to
that of OHCs. A 30-mm tether therefore represents some-
where between 0.5 and 1.0% of the surface area of either
cell type.Peak and steady-state tether forces vary
with the holding potential
The effect of a change in the transmembrane electric field on
the membrane tether force was examined by measuring the
force required to form and maintain tethers at different
holding potentials. Fig. 3 shows typical tether force profiles
at two different holding potentials. The electric field across
the membrane affected the mechanical force required to pull
and maintain the HEK plasma membrane tether, with hyper-
polarizing potentials resulting in greater tether force.Sinusoidal electric fields generate a sinusoidally
modulated electromechanical force
The effect of modulating the transmembrane electric field
on tether force generation was determined by applying a
sinusoidal electrical stimulus after the tether force reached
steady state (Fig. 4 A, Fig. S2, and Movie S1). Stimulation
with a sinusoidal waveform generated an electromechanical
force (FEM) such that hyperpolarization relative to the
holding potential increased and depolarization decreased
the force exerted by the tether. In Fig. 4 A, the electrome-
chanical gain (~0.3 pN/mV) measured for the OHC tether
was ~5 times that of the HEK tether. The FEM generated
by a membrane tether also tracks electrical stimuli through
acoustic frequencies as shown in Fig. 4 B, where the Fourier
spectra peak of the FEM generated by three different
membrane tethers relative to that of the OHC tether is pre-
sented. The OHC FEM was ~6 times that of the HEK FEM.Biophysical Journal 99(3) 845–852
FIGURE 4 Effect of changing the transmembrane electric field on tether
force generation (FEM) by 30-mm-long tethers. (A) FEM generated by
membrane tethers (top two traces) in response to 1 Hz sinusoidal stimula-
tion (bottom trace). (B) Representative FEM of OHC (blue), HEK (black),
and HEKþ 10 mM salicylate (green) tethers is shown in response to a sinu-
soidal voltage signal (520 mV, 2.5 kHz) riding on a –60 mV holding poten-
tial. The traces have been normalized to the OHC peak value (0.49 pN—an
underestimate, see Supporting Material). The diameter of the HEK tether is
larger than the OHC tether (see Fig. 2).
FIGURE 5 Effect of changing the holding potential on FEM. (A) Average
FEM and standard error (SE) for two populations of HEK cell tethers
stimulated at 1 kHz, one population in normal saline, and the other in
10 mM salicylate, as well as average FEM for OHC tethers stimulated at
6 Hz. (B) FEM as a function of holding potential for an OHC tether at
6 Hz and 1 kHz. The forces in panels A and B have been normalized to
the value obtained at zero mV holding potential.
848 Brownell et al.Salicylate is the anionic amphipathic metabolite of aspirin.
It induces hearing loss by blocking the membrane-based
motor mechanism responsible for OHC electromotility.
Addition of 10 mM salicylate to the bathing solution
decreased the HEK FEM by ~50%.
The amplitude ofFEMdecreasedwith increasing frequency
because of electrical and mechanical low-pass filtering.
Viscous damping acting on the bead attenuates bead displace-
ments as the frequency increases (see Fig. S7). In addition to
viscous damping effects on the bead, low-pass filtering of the
electrical stimulus also attenuates the response at high
frequencies. There are two sources of electrical filtering:
1. The high impedance head stage of the patch-clamp
amplifier, and
2. The electrical properties of the cell membrane.
The two sources contribute to a global time constant
of ~5 ms. Nevertheless, we have observed FEM above theBiophysical Journal 99(3) 845–852noise floor as high as 4 kHz for HEK and 10 kHz for
OHC tethers.FEM varies with holding potential
FEM was measured at five holding potentials for two popu-
lations of HEK cell tethers stimulated at 1 kHz, one popula-
tion in normal saline and the other in 10 mM salicylate, as
well as OHC tethers stimulated at 6 Hz. The five holding
potentials were 120 mV, 60 mV, 0 mV, 60 mV, and
120 mV (see Fig S4 a for protocol). FEM values at each
holding potential were normalized to the FEM at 0 mV for
each measurement. Hyperpolarization of the holding poten-
tials resulted in an increase in the amplitude of the tether’s
FEM and depolarization decreased the FEM (Fig. 5 A). The
FEM was largest at –120 mV holding potential and was
reduced by a factor of three as the membrane became
increasingly depolarized. Exposure to salicylate diminished
Electromechanical Signaling 849the FEM but the relative change in magnitude with the
holding potential remained virtually identical to the
untreated HEK cell (~–0.45%/mV). The mean absolute
values for the three populations at 0 mV were 7.2 pN,
0.08 pN, and 0.04 pN for the OHC, HEK, and (HEK þ Sal)
populations, respectively (the HEK values are underesti-
mates). If the population steady-state forces for the two
holding potentials in Fig. 3 are normalized to the linearly
interpolated value at 0mV, the slope is similar at –0.51%/mV.
We found nearly identical relative changes in FEM with
holding potential in OHC tethers stimulated at 6 Hz. The
normalized FEM plot for three OHCs at 6 Hz overlay the
normalized data for the HEK and HEK þ salicylate cells
(Fig. 5 B). However, stimulating OHC tethers at 1 kHz and
normalizing the FEM to the value generated at 0 mV resulted
in lower values at –120 mV. The four remaining values
overlay those for the HEK cells. Absolute values for 6 Hz
and 1 kHz at 0 mV were 6.8 pN and 0.55 pN, respectively.FEM is dependent on tether diameter
To test the effect of changes in tether diameter on FEM, we
monitored FEM while increasing tether length. Morpho-
metric analysis of tether diameter in non-voltage-clamped
HEK cells revealed that increases in the steady-state tetherFIGURE 6 Effect of tether diameter on FEM. (A) HEK tether force profile
as the tether approached mechanical steady state (Feq) for three different
tether lengths. (Insets) Photomicrographs of the tether from another non-
voltage-clamped HEK cell taken after steady-state forces were reached at
10 mm (left inset) and 30 mm (right inset). (B) The FEM was measured
continuously while the tether was elongated with the same electrical stim-
ulus as in panel A. The three FEM values measured at 10, 20, and 30 mm in
panel A are plotted in red (normalized to the FEM at 10 mm).force were accompanied by decreases in tether diameter
(Fig. 6 A, insets). Representative force profiles from HEK
tethers in response to sinusoidal electrical stimulation and
tether elongation are shown in Fig. 6, A and B. The force
attained a local maximum when the tether reached the
new length and was followed by a decline during which
the tether force relaxed. The force profile at each length
was qualitatively the same as those shown in Fig. 3. A
1 kHz sinusoidal stimulus (550 mV riding on a –60 mV
holding potential) was applied when the tether force ap-
proached steady state for each length. The FEM at the three
different lengths is plotted in Fig. 6 B.
Similar length dependence for the FEM was observed
while electrically stimulating as the tether was elongated
(Fig. 6 B). The FEM was measured continuously during
the entire elongation with the same electrical stimulus as
in Fig. 6 A. The pulling rate was 0.25 mm/s so that force
relaxation kept up with increasing tether length. The values
are normalized to the FEM at 10 mm obtained by fitting with
linear regression. The trend line is not shown. The phase of
the response remained constant. The greater diameter of
HEK tethers is consistent with their having a smaller tether
force and FEM than the OHC tethers. The fact that a smaller
tether diameter is associated with a larger FEM suggests the
increase in FEM observed with hyperpolarization (Fig. 5 A)
may also be associated with a decrease in tether diameter.Cable properties
The frequency-dependent difference in FEM at 120 mV
(Fig. 5 B) suggests that the electrical cable properties of
the 30-mm OHC tether were altered by changes in the
holding potential such that hyperpolarization results in a
decrease in the electrical length constant. A cable analysis
of hair cell stereocilia (membrane nanotubes with dimen-
sions similar to our experimental tethers) reveals that the
low-pass corner frequency decreases as the tether diameter
decreases (32). We have tested the changes in tether cable
properties by monitoring the tether force and the FEM as a
function of tether length (Fig. 7 A). Low-pass filtering was
also observed when the tether exceeded a specific length,
because FEM began to decrease after reaching a length-
dependent peak. The monotonically increasing tether force
is plotted as a continuous function of tether length and the
FEM is plotted every 1.8 mm between 10 mm and 60 mm
(see Fig S4 b for protocol). The FEM values are normalized
to that at 10 mm obtained by the second-order polynomial
fit (dashed line, r2 ¼ 0.79). The inflection point of the
FEM curve was at 37 mm. The phase remained nearly
constant to the inflection point and showed an increasing
phase lag thereafter. The decrease in FEM after the inflection
point most likely reflects the cable properties of the tether.
FEM generated by an HEK cell tether was also measured
at different lengths and frequencies. Fig. 7 B shows the
results of voltage excitation at six frequencies (10, 50,Biophysical Journal 99(3) 845–852
FIGURE 7 Tether cable properties affect FEM. (A) The monotonically
increasing tether force is plotted as a continuous function of tether length
and the normalized FEM (A) is plotted every 1.8 mm between 10 mm and
60 mm. (B) FEM generated by an HEK cell tether at different lengths
and frequencies. The results are normalized to the FEM amplitude at the
10-mm length except for the 2.5 kHz values, which are normalized to the
amplitude at 20 mm. The FEM amplitude for 2.5 kHz was below the noise
floor at the 10-mm and 50-mm lengths.
850 Brownell et al.100, 500, 1000, and 2500 Hz) applied when a tether reached
successive lengths of 10, 20, 30, 40, and 50 mm, respec-
tively. The FEM at each frequency increased at the beginning
of tether elongation, and then decreased after reaching
a peak. The behavior is consistent with low-pass filtering re-
sulting from tether-associated cable properties.DISCUSSION
Converse flexoelectricity
Electrically evoked tether force production is consistent
with the converse flexoelectric effect. Membrane flexoelec-
tricity is the change in electrical polarization that results
from bending a membrane (2,33,34). Converse flexoelec-
tricity describes a change in membrane curvature resulting
from a change in the transmembrane potential (15). Several
mechanisms may contribute to flexoelectricity including
reorientation of electrical dipoles in membrane moleculesBiophysical Journal 99(3) 845–852and changes in the interfacial or surface tension on both
sides of the membrane (2,35). The modulation of surface
tension by an electric field was first described by Lippmann
(36) and has recently been used in the design and fabrication
of microfluidic motors (37). A transmembrane electric field
increases surface tension on one side of the membrane while
reducing it on the other (35). The ability of the tethers to
follow electrical signals at >5 kHz is consistent with a
piezoelectric-like process and eliminates mechanisms with
slower kinetics. The increases in FEM with tether length
increase, are also consistent with a converse flexoelectric
origin but not with a piezoelectric or Maxwell stress origin
for the electromechanical coupling (38). Because membrane
curvature in a tether is determined by a consideration of
force equilibrium (39), our results suggest that this equilib-
rium in biological membranes must also include the contri-
bution of electrically generated forces.
A converse flexoelectric origin for the tetherFEMopens the
possibility that similar forces are produced in any highly
curved biological membrane. Examples of highly curved
biological membranes abound. Intercellular tunneling
nanotubes (40) between adjacent HEK cells in culture have
geometries resembling our tethers. Another example is the
stereocilia of hair cells, which are typically 200 nm in diam-
eter and resemble the cellular membrane tethers from HEK
cells. The stereocilia bundle is known to produce voltage-
dependent flicks (41), the voltage dependence of which is
consistent with a flexoelectric model (42). Peripheral
dendrites and dendritic spines have smaller radii (higher
curvature) than HEK tethers, as do mitochondrial cristae,
synaptic vesicles, andmembrane fusion pores (43). Dendritic
spines, synaptic vesicles, and membrane fusion pores are all
structures that might be able to utilize the change in energy in
the transmembrane electric field during an action potential to
modulate membrane mechanics. Finally, the crenellated
membrane of the OHC displays high curvature and mechan-
ical coupling with the cell’s cytoskeleton that can explain the
mechanical force underlying OHC electromotility (44).Voltage sensing by membranes
Modulation of the transmembrane electric field should
exert a force on the charged portions of voltage-gated ion
channels. The magnitude of this force is the product of the
transmembrane electric field, times the charge being moved
ðF ¼ ðV=hÞqÞ. There are four elementary charges per
monomer in a voltage-gated potassium channel and the
channel is a tetramer, so that total force would be ~0.3 pN
if all the charges were equally influenced by the field pro-
duced by a 40-mV potential difference across a 5-nm-thick
membrane. This is a small force that could be augmented by
local bending of the membrane. It is possible that electrical
dipoles in channel protein are influenced by the field, with
the resulting torsion contributing to a converse flexoelectric
response (bending) of the membrane. Local bending has
Electromechanical Signaling 851been considered as a mechanism that could contribute
to ion-channel gating (45–49). A role for membrane
mechanics in channel gating is supported by the fact that
the kinetics of a variety of voltage-gated ion channels are
modulated by membrane tension (50,51). The lipid compo-
sition of the membrane also affects voltage sensing (52), and
coarse-grain molecular dynamic simulations suggest that
the channel should locally deform the membrane (53). It
is possible that the conformation change that opens and
closes voltage-gated ion channels benefits from the ability
of the membrane surrounding the protein to sense the
transmembrane electric field, and deform.Prestin and other members of the Slc26A family
of anion transporters
The membrane protein prestin in the OHC lateral wall
modifies membrane electromechanics. HEK membranes
with prestin show a modest increase (2–3) in force produc-
tion over those without it (10,17). On the other hand, there is
more than a three-order-of-magnitude increase in charge
movement (54,55). Prestin’s strong impact on charge move-
ment most likely reflects its membership in the Slc26A
family of anion transporters.
There are two reasons why transport molecules might
benefit from flexoelectric membrane bending:
The first is that membrane bending leads to a differential
tension between the leaflets of the bilayer, which could
facilitate the conformational changes of the protein
(45,47,49). In the case of prestin, the resulting electrodiffu-
sion of anions into the resulting protein cavity can
contribute to the measured charge movement (56).
A second benefit derives from the acoustic wave
produced by the bending membrane. The resulting nanoso-
nication would serve to mix the unstirred layer (57,58) and
further facilitate transport. These considerations suggest
that the origins of OHC electromotility may be linked to
evolutionarily ancient mechanisms associated with mem-
brane transport.CONCLUSIONS
We have the following findings:
Biological membranes are capable of electromechanical
signaling and perform work in response to changes
in the transmembrane electric field.
The mechanical properties of the membrane that
determine the force required to pull and maintain
membrane tether are a function of the transmembrane
electric field.
The frequency limit for electromechanical signaling
is >5 kHz.
The magnitude of the electromechanical force is a
function of the voltage-clamp holding-potential and
membrane curvature.SUPPORTING MATERIAL
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